Purpose: To undertake the first prospective cost-effectiveness study of whole-exome sequencing (WES) as an early, routine clinical test for infants with suspected monogenic disorders.
INTRODUCTION
Next-generation sequencing (NGS) technologies enable rapid sequencing of genes simultaneously and are changing the paradigm of Mendelian disease diagnosis. However, numerous barriers to the translation of this technology into health care have been documented. 1 Not least among these is the need for evidence of cost-effectiveness and optimal timing of patient testing to guide clinician decision-making and test reimbursement. Although it has been proposed that early and accurate diagnosis using whole-exome sequencing (WES) will optimize opportunities to influence clinical management and decrease costs, 2 WES is commonly offered to patients who are difficult to diagnose clinically after exhaustive investigation. These patients commonly are analyzed as "trios, " with parents also sequenced. None of these situations reflects the most common potential use of WES: for single patients with features strongly suggestive of monogenic conditions and as an early test in the diagnostic pathway. With the increasing availability of WES in clinical practice, and in the setting of limited health-care resources, there is an urgent need to develop evidence regarding how best to integrate WES in the diagnostic pathway to maximize both clinical utility and cost-effectiveness.
The diagnostic utility of WES in clinical practice is increasingly clear, with diagnostic yields of 25-30% [3] [4] [5] [6] established by several large-scale studies of adult and pediatric patients referred to laboratories for testing. Cost-effectiveness could not be analyzed as part of these studies because data regarding prior genetic testing and other diagnostic investigations were not available.
Cost studies of genomic sequencing have, to date, been retrospective and conducted for "difficult to diagnose" patients who have not received a diagnosis through standard molecular investigations. Soden et al. (2014) performed a retrospective study of patients with a variety of phenotypes who received a diagnosis using parent-child (trio) genome sequencing (WES or whole-genome sequencing), generally after substantial prior investigation. As a surrogate for cost-effectiveness, they determined that the mean cost of prior negative diagnostic testing for these children was US$19,100 per family. 7 Another retrospective study of 17 undiagnosed patients with intellectual disability who had been extensively tested over many years found that the Prospective comparison of the cost-effectiveness of clinical whole-exome sequencing with that of usual care overwhelmingly supports early use and reimbursement Zornitza Stark, MD 1 , Deborah Schofield, PhD 1, 2, 3 , Khurshid Alam, PhD 1, 4 , William Wilson, PhD 5, 6 , Nessie Mupfeki, MHIM 1, 5 , Ivan Macciocca, MHSc 1, 5 , Rupendra Shrestha, PhD 2 , Susan M. White, MD 1, 4, 5 and Clara Gaff, PhD 4, 5 Genetics in meDicine | Volume 19 | Number | 2017 867 mean cost of prior investigation was US$16,409. 8 Each of these studies indicated that WES would have been less expensive than other investigations. However, because retrospective studies do not include those who received a diagnosis through usual diagnostic care, their applicability to clinical practice is very limited. In a clinical setting, it is not possible to know in advance which patients will receive a molecular diagnosis. Therefore, the true cost-effectiveness and optimal timing of genomic sequencing can only be determined prospectively, with a cohort of patients who have not previously undergone molecular investigations.
Although essential for its introduction into established and reimbursed clinical practice, to date there has been no prospective study of the cost-effectiveness of WES compared with standard diagnostic care, nor has there been an evaluation of the optimal timing of the use of WES. Furthermore, retrospective studies have conducted sequencing with trios, not singleton patients. We therefore investigated the cost-effectiveness of standard diagnostic care in comparison to singleton WES in a cohort of 40 infants with features suggestive of monogenic disorders. These infants underwent singleton WES as a first-line molecular test in parallel with standard diagnostic care. We have modeled the relative cost-effectiveness of integrating singleton WES at various points in the diagnostic trajectory and undertook bootstrapping (500 replications) to estimate the reliability of the results.
MATERIALS AND METHODS

Study design
This was a prospective study of patients attending a tertiarylevel children's hospital within the publically funded healthcare system in Australia. The study was conducted to determine whether testing of individual patients (singletons) using WES as a first-line test is more cost-effective than standard investigations and to identify the optimal timing of WES in the diagnostic pathway. To ascertain this, we performed singleton WES in parallel with standard investigations (including commercial single-gene or multigene panel sequencing when clinically indicated). Health economic analysis was undertaken from the funded hospital system perspective encompassing costs per patient, costs per diagnosis, and incremental costs per additional diagnosis for three alternative strategies for integrating WES into the diagnostic trajectory.
Study participants
Cost data for the first 40 infants (0-2 years of age) recruited into a previously published study assessing the diagnostic and clinical utility of singleton WES 9 were available and were used to perform the cost-effectiveness analysis. Recruitment is fully described elsewhere. In brief, infants were ascertained during clinical care and eligible if they presented with multiple congenital abnormalities and dysmorphic features or other features strongly suggestive of monogenic disorders such as neurometabolic conditions and skeletal dysplasias. Infants were not considered for the study if they had specific clinical presentations indicative of conditions that are not genetically heterogeneous (e.g., Apert syndrome or achondroplasia), except when testing for the suspected disorder was not commercially available, and "orphan phenotypes" unlikely to be caused by currently known genes. Infants who had undergone previous sequencing tests were not eligible for inclusion. Infants whose families consented to the study underwent WES in parallel with standard investigations, including commercial single-gene or multigene panel sequencing when clinically indicated and available.
The study was part of the Melbourne Genomics Health Alliance demonstration project and received Human Research Ethics Committee approval (13/MH/326). Informed written consent was obtained from the parents of the participants.
Diagnostic trajectory
We calculated the duration of the diagnostic trajectory from age of onset of symptoms until a diagnosis was established or an uninformative WES report was issued. Procedures for exome sequencing, variant detection and filtering, and assessment of variant pathogenicity have been previously described. 9 Analysis of WES data was limited to genes known to cause Mendelian conditions, and only variants relevant to the participant's phenotype were assessed with regard to pathogenicity.
Costs
We collected cost data using a bottom-up approach [10] [11] [12] by identifying all of the resources that were used to provide a service and by assigning a value to each of those resources. We summed these values and linked to a unit of activity to derive a total unit cost.
A clinical geneticist extracted all investigations, procedures, and assessments that occurred for diagnostic purposes from the medical records. We obtained the costs of investigations and patient encounters from the hospital, state government, and testing laboratories. General patient care costs were not included. We converted costs in overseas currencies into Australian dollars (AU$) based on the exchange rate of AU$1=US$0.78 on 30 January 2015 (source: http://www.xe.com), which is approximately the average time when accounts were paid. The costs of individual investigations are presented in Table 2 .
Economic analysis
We calculated the costs of the standard diagnostic and the singleton WES pathways and the diagnostic yield for each pathway. We present counterfactual diagnostic pathway models of care incorporating the use of WES into standard diagnostic care as the "last resort" diagnostic approach (model 1) and at earlier points in the diagnostic trajectory (models 2 and 3) to investigate which model was most cost-effective (Figure 1) . [13] [14] [15] We defined the base case as the standard diagnostic pathway comprising the investigations and outpatient assessments that occurred primarily for diagnostic purposes. We defined the cost of the WES diagnostic pathway as the clinical service cost of singleton WES provided by the local clinical laboratory services (Victorian Clinical Genetic Services Pathology). The service delivery model included two consultations with a clinical geneticist and a genetic counselor, one at initial assessment and test initiation and the other at result disclosure. The cost of singleton WES includes analysis restricted to genes associated with Mendelian disease and reporting of variants related to phenotype only. It utilized a custom-built pipeline, Cpipe, which was designed using publically available resources. 16 
WES as a last resort (counterfactual model 1).
Standard diagnostic care options are exhausted first, including completing all investigations that were planned by clinicians at the time of enrollment, but were not performed within the timeframe of the study. WES is performed as a last resort in patients who remain undiagnosed through standard care.
WES replaces some tests (counterfactual model 2).
In this model, singleton WES replaces some investigations. Patients undergo basic biochemical, imaging, neurophysiological studies, and subspecialist assessments as in the standard pathway because these can guide empiric management while a definitive diagnosis is awaited. WES replaces all genetic testing except single-nucleotide polymorphism microarray analysis due to the current limited ability of WES to detect structural variation. In this model, WES also replaces complex biochemistry testing, which is performed in specialized laboratories, and testing that is burdensome for patients, such as invasive tissue biopsies. Costs of sample shipments and of operating room/anesthetic time are eliminated as a result. There are two consultations with a clinical geneticist and genetic counselor per patient, one for initial assessment and WES initiation and the other for return of results.
WES replaces most tests (counterfactual model 3)
. WES is used as a first-line investigation that replaces all other diagnostic investigations and assessments, including biochemical investigations and imaging studies. Single-nucleotide polymorphism microarray is still performed to exclude copy-number variants. There are two appointments with a clinical geneticist and genetic counselor for initial assessment and test initiation and for return of results.
Statistical analysis
We examined characteristic variables of patients such as age, sex, parental consanguinity, principal phenotypic feature, primary indication for WES, and duration of diagnostic trajectory. We estimated the average cost per patient, cost per diagnosis, and incremental cost per additional diagnosis for standard diagnostic care and for the three counterfactual WES integration pathways. To allow extrapolation of the findings in our cohort of 40 to a larger population and to estimate the reliability of the estimates, we created 500 replicated data sets using bootstrap methods. To do this, we repeatedly drew a random sample of 40 records (i.e., total number of records) with replacement from the study participant records (repeated 500 times to create 500 replicated data sets). Then, to estimate the distribution of each outcome, we calculated the outcomes (such as the average cost per patient, cost per diagnosis, and incremental cost per additional diagnosis) for each replicated data set, thus generating 500 estimates of each outcome. Based on these distributions, we estimated 95% confidence intervals (CIs) for each outcome using the percentile method. 17 We performed bootstrap simulations in SAS version 9.4. All other statistical analyses were performed using Microsoft Excel. We performed a sensitivity analysis to determine the impact of the price of WES by using the highest cost of singleton WES as a clinical service Figure 1 Diagnostic trajectory and resulting diagnostic yield and costs per patient for standard care and for integrating singleton whole-exome sequencing (WES) using three models. In model 1, standard investigations are exhausted first, including all planned tests, resulting in an additional six diagnoses (a total of 13), and WES is performed as a last resort for patients who remain undiagnosed. In model 2, WES replaces some investigations, particularly gene sequencing tests, complex biochemical tests, and invasive tests. In model 3, WES replaces most investigations. Dx, diagnosis. 
RESULTS
Diagnostic yield and costs
Characteristics and indications for testing of the 40 infants included in this study are summarized in Table 1 . Features of the underlying disorder were present at birth in 36 participants (90%). The mean duration of the diagnostic trajectory was 395 days (range, 167-831 days). Integrating WES as a first-line test replacing most investigations (counterfactual model 3) was cost-saving compared with standard diagnostic care. The incremental cost saving per additional diagnosis was AU$2,182.27 (95% CI: $129.92-5,855.02). The cost per diagnosis was AU$6,002.86 (95% CI: $4,841.02-7,898.51), which was AU$21,047.50 less than standard diagnostic care, and the average cost per patient was AU$3751.79, $982 less than standard diagnostic care.
The order of investigation proposed for each model, diagnostic yield, and costs per diagnosis are summarized in Figure 1 . Results of bootstrapped simulations are presented as scatter plots on a cost-effectiveness plane (Figure 2) , where each point represents the result of each simulation. The cost-effectiveness plane demonstrates that WES as a first-line test replacing most investigations (counterfactual model 3) is dominant (i.e., less cost with a higher number of diagnoses) compared with standard diagnostic care in 97% of 500 simulations, thus offering better value for money than the other two WES integration models.
Sensitivity analysis
When we consider the highest cost per WES of AU$3200, WES still performs well compared with standard care (Table 3) , particularly when integrated as a first-line test replacing most other investigations (counterfactual model 3). The average cost per diagnosis is then AU$7,922.86 (95% CI: $6,041.02-9,098.51), approximately one-third of the cost of standard diagnostic care, and an incremental cost per additional diagnosis is AU$484.39 (95% CI: −$2,548.09 to 2,872.49). 
DISCUSSION
Currently, genomic sequencing is predominantly used in clinical research studies or in those patients who have been extensively investigated but remain undiagnosed. Our study provides the basis for the transition of genomic sequencing from this use toward its application as a first-tier test in a clinical setting. It is the first study to prospectively compare the cost-effectiveness of a genomic sequencing test relative with standard diagnostic care. Using singleton WES as a first-line sequencing test in our cohort in parallel with standard diagnostic care enabled us to demonstrate that introducing WES early in the diagnostic trajectory provides the greatest opportunity to improve the costeffectiveness of the diagnostic process. The traditional pathway for rare disease diagnosis is burdensome for patients, families, and health-care systems. The process is typically protracted and involves repeated assessments. Some patients, particularly those with neurodevelopmental phenotypes, undergo complex biochemical, imaging, and neurophysiological investigations, which serve to narrow the diagnostic possibilities. Some tests are invasive and require pediatric patients to be anesthetized. If the patient's phenotype suggests a single gene or group of genes, then specific genetic testing is undertaken, using a tiered approach, whereby the results of one test are awaited before another is initiated.
To date, addressing the backlog of extensively investigated, undiagnosed patients has been a priority for clinicians. Many of the patients in the previous studies reporting the diagnostic and clinical utility of WES appear to be in this category. [2] [3] [4] 7, 18, 19 This may reflect deliberate selection procedures, clinician referral patterns, or, in the case of FORGE Canada, 2 research primarily aimed at new gene discovery. It is common to use WES as a last resort, with referrals for WES often made after multiple previous uninformative sequencing tests, including gene panels. Previously, in the absence of evidence, and given the cost and the additional interpretation and counseling burdens of WES, it has appeared attractive to reserve it for patients when a diagnosis could not be reached through standard investigations. This reduced the overall number of patients undergoing WES, thereby avoiding the use of a complex and expensive test when a simpler and cheaper test might achieve the same result. However, the average cost of a single gene or panel test either performed or planned in our cohort was AU$2,186.56-greater than the cost of WES-and the majority of traditional gene tests did not yield a diagnosis.
Our data clearly demonstrate that applying WES at the end of the diagnostic trajectory is the least cost-effective option, resulting in more than twice the average expenditure per patient and an incremental cost per additional diagnosis of AU$8,111.82 compared with standard diagnostic care. All the costs of standard diagnostic care are incurred, but because only a small proportion of patients are diagnosed, the majority of patients would still undergo WES. Because the standard diagnostic pathway is time-consuming and tiered, a definitive diagnosis by WES would be delayed for a number of patients, with delays in the benefits in clinical management, cascade testing of relatives, and enabling informed reproductive choices for parents. 9 The alternative option is to integrate WES early in the diagnostic trajectory. In our infant cohort, singleton WES is a highly effective diagnostic tool, with a large proportion of infants receiving accurate molecular diagnosis. 9 When WES replaces most other investigations (counterfactual model 3), there is a cost savings per additional diagnosis. Although this approach may be appropriate for patients presenting in an ambulatory setting with dysmorphic features and developmental delay, it would not be suitable for acutely unwell patients with monogenic disorders, in whom biochemical, imaging, and neurophysiological studies could provide information to guide management while a definitive diagnosis is awaited. In this latter scenario-when WES replaces some investigations (counterfactual model 2)-there is still a considerably lower incremental cost per additional diagnosis than applying it as a last resort test. Thus, integrating WES early in the diagnostic pathway provides the greatest opportunity to reduce costs and improve the cost-effectiveness of Mendelian disease diagnosis.
Our estimates of the cost-effectiveness of WES are conservative due to the young age of the patients and their relatively short diagnostic trajectory. The impact of uninformative WES on patient investigation and care is not yet known and merits further research. Costs may be relatively contained if clinicians focus on investigation of relevant conditions that were not adequately excluded by WES for technical reasons. Alternatively, clinicians may continue to rely on a broad range of standard investigations for these patients. Achieving the greatest cost-effectiveness in Figure 2 Cost-effectiveness for whole-exome sequencing (WES). Model 1, WES as a last resort; model 2, replacing some investigations; and model 3, WES as first-line test. Each point in the scatter plot represents the result of each of 500 bootstrapped simulations. Points below the x axis indicate that the use of WES is less costly while providing a higher number of diagnoses compared with standard diagnostic care for those simulations. This means that for each of these simulations WES is "dominant," that is, costs less while providing greater benefit than standard diagnostic care, and is thus considered cost-effective. Points above the x axis indicate that the use of WES is more expensive but provides a higher number of diagnoses compared with standard diagnostic care for those simulations. WES may, in this situation, still be regarded as cost-effective if the incremental cost for one additional diagnosis is less than the cost we are willing to pay for each additional diagnosis. acutely unwell patients may be reliant on the ability to perform genomic testing rapidly. Our own experience with singleton WES shows that it is possible to achieve a result in less than 3 weeks (unpublished data), and one proof-of-principle study has reported a 26-h time to result using whole-genome sequencing. 20 This study was conducted in Australia within a socialized medicine system. Budgetary considerations place constraints on the investigations performed as part of standard care. Therefore, these data are likely to be a conservative estimate of cost-effectiveness in health-care settings with fewer constraints. We also note that unit costs vary across health-care settings and systems, and diagnostic yields vary depending on indications for testing. To assist clinicians in gaining insight into the potential cost-effectiveness in their own setting and develop cases for funding, costs for investigations in other health-care systems can be entered into the accompanying spreadsheet (Supplementary Material 2 online) to calculate the cost per diagnosis for different cohorts.
Cost-effective genomic medicine depends on clinicians using the right test for the right patient at the right time. This study supports the use of singleton WES early in the diagnostic trajectory for patients with features strongly suggestive of monogenic conditions. Alternative diagnostic pathways may be more costeffective for patients with other phenotypes. The greater cost of trio WES, for example, may be offset if this testing results in a higher diagnostic yield for patients who have apparently unique phenotypes or nonsyndromic intellectual disability. Further research is needed to compare the cost-effectiveness of trios with that of singleton WES. For our cohort of infants, however, the diagnostic yield is comparable to those found in trio studies of similar cohorts. 21, 22 As discussed elsewhere, the diagnostic yield of singleton WES in our cohort is likely to reflect the timing of the test, that patients had not undergone previous sequencing tests, and the phenotypic characteristics of the patients. 9 In conclusion, this prospective study of a clinical cohort provides essential evidence for the translation of WES into clinical practice. We have demonstrated that singleton WES is cost-effective when provided to patients as an early investigation rather than reserved as a last resort. These data support arguments for test reimbursement-a significant barrier to the application of genomic sequencing tests in the clinicand are the basis of a health economic case to the Australian Government for reimbursement of WES for infants suspected to have monogenic disorders. Furthermore, this study provides an innovative model for determining the cost-effectiveness for different clinical indications in the future.
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